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Abstract
We consider a simple scenario for the accretion of matter onto a neutron star in order to under-
stand processes in the inner pulsar magnetosphere during the transition stage between different
accretion modes. A simple quasi-spherical accretion process onto rotating, magnetized com-
pact object is analysed in order to search for the radiative signatures which could appear during
transition between ejecting and accreting modes. It is argued that different accretion modes can
be present in a single neutron star along different magnetic field lines for specific range of pa-
rameters characterising the pulsar (rotational period, surface magnetic field strength) and the
density of surrounding medium. The radiation processes characteristic for the ejecting pulsar,
i.e. curvature and synchrotron radiation produced by primary electrons in the pulsar outer gap,
are expected to be modified by the presence of additional thermal radiation from the neutron star
surface. We predict that during the transition from the pure ejector to the pure accretor mode
(or vice versa) an intermediate accretion state can be distinguished which is characterised by the
γ-ray spectra of pulsars truncated below ∼ 1 GeV due to the absorption of synchro/curvature
spectrum produced in the pulsar gaps.
Keywords: binaries: general — pulsars: general — accretion — radiation mechanisms:
non-thermal — gamma-rays: stars
1.
2. Introduction
The importance of the accretion of matter onto compact objects as a key process for generation
of energy around compact objects has been recognized since early 70-ties. In fact, three basic
modes for the interaction of compact object with the surrounding matter have been distinguished,
i.e. the ejector, accretor and propeller modes. These different models have been observed and
investigated in the broad energy range. It is expected that neutron stars (NSs) can change their ac-
cretion modes with the evolution of their parameters (rotational period, magnetic field strength)
or with the change of the parameters of the surrounding medium. In fact, the external conditions
around ejecting pulsars can change significantly when they enter from time to time dense clouds
in the interstellar medium. The surrounding plasma, attracted by strong gravitational field of
the neutron star, can overcome the pressure of the pulsar wind initializing the transition from
the ejecting to the accreting pulsar. Similar transition process can also happen in the opposite
direction when the accreting neutron star emerges from a dense cloud into a rare interstellar
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medium. Recently, transition stages between the ejector and accretor modes have been discov-
ered in a few millisecond pulsars within low mass binary systems (PSR J1023+0038 [1, 2, 3],
IGR J18245-2452 [4], and XSS J12270-4859[5, 6]). Such transition from the ejecting stage (ac-
tive radio pulsar) to the accreting stage resulted also in an enhanced γ-ray emission above > 100
MeV [7, 8, 9]. In the case of sources mentioned above, the appearance of an accretion disk is
well documented in one of the transition stages. Therefore, the accretion process occurs in a quite
complicated way. A few different models have been recently proposed as possible explanation of
the transiting MSPs, see [10, 11, 12]. For example, Bednarek [12] argues that the accretion disk
penetrates in the equatorial region of the rotating neutron star but the radiation processes typical
for ejecting pulsars can still operate above the equatorial plane, e.g. as expected in terms of the
slot gap model.
In the present paper we suggest that such transition stages can be also present in the case of
isolated pulsars which are free flying in the interstellar space. In the case of a pulsar immersed
in a spherically-symmetric cloud, simple accretion geometry might also put new light on a more
complicated processes occurring during transition stages in neutron stars accreting matter in the
accretion disk geometry. In this paper we consider the simplest possible case of a spherically-
symmetric accretion onto rotating neutron star. We show that also in such geometrically simple
accretion scenario the transition between the accretion mode and the radio pulsar mode could turn
to the specific radiation features in γ-ray energies. We analyse the case of quasi-spherical accre-
tion of matter onto magnetized, rotating millisecond pulsar which magnetic dipole is aligned with
the pulsar rotational axis. We speculate that physical processes, typical for ejecting and accreting
pulsars, could occur along different magnetic field lines during the transition stage in a single ob-
ject. The effects on the γ-ray spectrum emitted by pulsars in such simple scenario are discussed.
The quasi-spherical accretion scenario allows easier understanding of complicated physics of the
accretion process onto rotating and magnetized NS. We conclude that different states of γ-ray
emission might be also observed in the case of a quasi-spherical accretion of matter from dense
interstellar cloud.
3. Hybrid accretion modes onto magnetized NS
Neutron stars, with the mass of 1.4 of the Solar mass (MNS = 1.4M⊙) and the radius of
RNS = 10 km, produce strong gravitational field which effectively attracts background matter
from the surrounding medium or the matter expelled from the stars in the form of stellar winds.
In the simplest possible case, when the background matter has relatively low angular momentum
in respect to the NS, the matter falls onto the NS quasi-spherically. For example, such quasi-
spherical accretion mode is expected in the case of a strong isotropization of the matter after
passing through the shock due to the movement of the NS. The rate of an in-falling matter is
described by the so called Bondi accretion rate [13, 14]. It depends on the density of surrounding
medium (a cloud), ncl = 104n4 cm−3, and on the relative velocity of the matter in respect to
NS, v = (v2NS + v2T)1/2 ≈ 102v2 km s−1, where vNS = 102v2 km s−1 is the velocity of the NS,
vT = 3kBT/mH ≈ 9.3T4 km s−1 is the thermal velocity of the gas particles, T = 104T4 K is the
gas temperature, kB is the Boltzmann constant, and mH is the hydrogen atom mass. The Bondi
accretion rate can be expressed by,
˙MB = 4piR2Bvnclmp ≈ 1.4 × 1013n4/v32 g s−1, (1)
where the Bondi radius is RB = 2GMNS/v2 ≈ 2.7×1012/v22 cm. In the case of accretion of matter
onto rotating and magnetized NS, the fate of the matter is determined by the parameters of the
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Figure 1: Schematic representation of of the hybrid accretion scenario in which a part of the magnetosphere is still in the
ejector mode and a part of the pulsar magnetosphere is already able to accrete the matter distributed quasi-spherically.
Since a part of the magnetosphere, close to the rotational plane of the pulsar, is free of matter, the outer gap acceleration
model for the radiation processes [16] can still operate in this part of the magnetosphere which is connected to the
magnetosphere outside the light cylinder radius in the ejector stage. We define the critical angle, αcr, as the angle α
which separates a part of the pulsar magnetosphere in the ejector region from a part in the accretor region. The angle αcr
is determined by the condition that the magnetic field energy density, at the light cylinder (RLC) and at the distance Rα
from the centre of the neutron star, is equal to the free fall kinetic energy of accreting matter (see Eq. 3). Then, the pulsar
magnetosphere is composed of two parts. The accretion occurs with almost free fall velocity along the magnetic field
lines which are connected to accretor region. The accretion occurs with the velocity significantly reduced from the free
fall velocity, due to the partial balance of the gravitational force by the centrifugal force, along the magnetic field lines
which lay in the region called quasi-propeller.
NS (its period, magnetic field strength) and the surrounding matter (density and temperature).
If the temperature of the accreting plasma is large than the accreting flow can be stopped by
the magnetic field [15]. This critical temperature is of the order of ∼(0.1-0.3)Tff, where Tff =
GMNSm/kBR ≈ 1.6 × 1012/R6 K is the free fall equipartition temperature and R = 106R6 cm
is the distance from the NS. We assume that the plasma temperature is low enough to allow
spherical accretion of matter onto NS. Three stages for interaction of NS magnetosphere with
the surrounding matter can be defined, ejector, propeller, and accretor modes (see [17], for more
recent review see [18] and references therein). Specific modes occur for specific parameters of
the NS and surrounding matter. However, the parameters of the surrounding medium in which
NS is immersed can change significantly. Therefore, transitions between different modes should
be also observed for specific values of the parameters defining accretion scenario. The question
appears how the transition from the ejecting to the accreting pulsar occurs ? Which parts of
the pulsar inner magnetosphere are at first penetrated by the matter, equatorial or polar ? We
speculate that at first the matter penetrates the polar regions of the pulsar inner magnetosphere
since the magnetic field at the light cylinder in those regions is weaker than at the light cylinder
close to the rotational plane of the pulsar. We argue that during such transition stages different
modes of accretion can co-exist in a single object. We are mainly interested in transitions between
ejector and accretor modes which we call intermediate accretion mode. Such intermediate mode
is possible since the conditions at different parts of the light cylinder of the rotating neutron
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star with the dipole structure of the magnetic field can differ significantly. In order to easier
understand the basic features of such intermediate state, we assume that the magnetic moment
of the NS is co-aligned with the rotational axis of NS (see Fig. 1 for schematic representation
of the geometry). We show that for specific accretion rates the magnetic field energy density at
the regions of the light cylinder, which are far away from the rotational plane of the pulsar, can
become lower than the energy density of an accreting plasma thus allowing penetration of matter
towards the inner pulsar magnetosphere. On the other hand, the magnetic field energy density
can be still larger than the kinetic energy density of the matter at regions of the light cylinder
which are close to the rotational plane. As a result, the accretion of plasma can still occur along
the magnetic field lines which cross the light cylinder far away from the rotational plane, i.e.
for large values of the angle α (see Fig. 1), as expected in the accretor and/or propeller mode of
accretion. In contrast, the plasma is still effectively ejected in the region close to the rotational
plane of the pulsar which still operates in the ejector mode. We expect that for some range of the
accretion rates, different stages (accretor and ejector) can be present in a single NS immersed in
the cloud of ionized matter. The details of such hybrid scenario and expected radiation processes
during the transition stage between different modes are discussed in this paper.
3.1. Accreting versus ejecting magnetosphere
Now we evaluate which part of the magnetosphere is occupied by different accretion modes
for different parameters of the NS and surrounding medium. We assume that the NS is immersed
in the isotropic cloud of ionized matter. The accretion rate in the case of quasi-spherical scenario
will be described by the Bondi accretion rate, ˙MB (see Eq. 1). Then, the density of matter in
different parts of the light cylinder depends on the distance from the NS centre, Rα, as,
ρ = ˙MB/(4piR2αVff) g cm−3, (2)
where Vff =
√
2GMNS/Rα is the free fall velocity of accreting matter, Rα = RLC/ cosα is the
distance to the light cylinder at the angle α (see Fig. 1), RLC = cP/2pi ≈ 4.77 × 106Pms cm is
the light cylinder radius, P = 10−3Pms s is the pulsar period, c is the velocity of light, and G is
the gravitational constant. On the other hand, also the energy density of the magnetic field at
different parts of the light cylinder is a function of the angle α. The condition which separates
the ejecting part of the NS magnetosphere and the accreting part of the magnetosphere can be
obtained by comparing the magnetic energy density with the kinetic energy density of accreting
matter at the light cylinder radius [19, 20, 21]. These energy densities depend on the angle α
according to,
B2(Rα,RLC)
8pi =
ρV2
ff
2
=
GMNSρ
Rα
, (3)
where the magnetic field at the light cylinder at the distance Rα from the neutron star is given by,
B(α,RLC) =
√
(B2x(α,RLC + B2z (α,RLC), (4)
with the components of the magnetic field strength,
Bx(α,RLC) = 3µNS sinα(cosα)4/R3LC, (5)
and
Bz(α,RLC) = µNS[1 − 3(sinα)2](cosα)3/R3LC. (6)
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Figure 2: The value of the critical angle as a function of different accretion rates (calculated for the case of quasi-spherical
accretion) for a few selected NS rotational periods, Pms = 1.6 ms (solid curve), 3 ms (dashed), 5 ms (dotted), and 10
ms (dot-dashed). The ejector mode is expected for the low accretion rates and small angles α (below thick curves). The
accretor mode is expected for the angle αcr above the thick curves. The thin curves separate the quasi-propeller and
accretor modes of accretion onto the NS surface. The magnetic moment of the neutron star is fixed on 1026 Gs cm3.
µNS = BNSR3NS ≈ 1026B8 G cm3 is the magnetic moment of the NS and BNS = 108B8 G is its
surface magnetic field strength.
We determine the critical value of the angle αcr for which energy density of the magnetic
field is equal to the kinetic energy density of the accreting matter by solving Eq. 3. This angle
separates the accreting part of the magnetosphere from the ejecting part of the magnetosphere
as shown in Fig. 1. Since the angle α is involved in Eq. 3 in a complicated way, we solve this
equation numerically. The results of calculations are shown in Fig. 2 for a few selected values of
the pulsar period and as a function of the accretion rate of matter onto NS. Note that, for specific
accretion rate the value of the angle αcr drastically drops to zero. For larger accretion rates
the ejecting part of pulsar magnetosphere disappears completely and the high energy radiation
processes, characteristic for ejecting radio pulsars, are quenched. The parameter space (accretion
rate versus pulsar period), at which such ”pure accretor” mode is expected, is shown in Fig. 3 for
the case of the millisecond pulsars and also for the classical pulsars. The specific curves in this
figure separate the ”pure accretor” from the ”partial ejector” mode for a few selected values of
the dipole magnetic moment of the neutron star, corresponding to the range of surface magnetic
field strengths 108 − 1010 Gs (in the case of millisecond pulsars, upper figure) and 1012 − 1014
Gs (in the case of classical pulsars, bottom figure). The hybrid accretion modes are expected
in the case of the millisecond pulsars which are able to accrete the matter close to the curves
in Fig. 3. These curves separate partial ejector from pure accretor modes. Note also that, these
values of the accretion rates correspond to specific thermal X-ray luminosities of the pulsars in
the accretor modes (see Eq. 10). For typical soft X-ray luminosities in the range 1031 − 1038 erg
s−1, the accretion rates are expected to be in the range ∼ 1011 − 1018 g s−1. Therefore, the hybrid
accretion mode can be characterised by the specific pulsed X-ray emission from the surface of
the NS.
The accretor and quasi-propeller regions in the inner pulsar magnetosphere are separated by
the condition that the Alfven radius, for the matter penetrating the inner pulsar magnetosphere,
is comparable to the co-rotation radius. The co-rotation radius is calculated by comparing the
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Figure 3: The parameter space (the pulsar period versus the Bondi accretion rate) for the partial ejector mode and only
(pure) accretor mode for the case of millisecond pulsars (upper panel) and classical pulsars (bottom panel). The magnetic
moment of the NS is equal to µNS = 1026 Gs cm3 (solid curve), 1027 Gs cm3 (dashed curve), and 1028 Gs cm3 (dot-
dashed curve) in the upper panel and for 1030 Gs cm3 (solid), 1031 Gs cm3 (dashed), and 1032 Gs cm3 (dot-dashed) in
the bottom panel.
centrifugal force of the matter, which is attached to the magnetic field lines, with the gravitational
force, i.e. ρv2r /X = GMNSρ cosα/R2α, where vr = 2piX/P is the rotational velocity of the magnetic
field lines, Rα = X/ cosα, and X is the distance from rotational axis (see Fig. 1). This condition
gives us the co-rotation radius as a function of the angle α,
Xcor ≈ 1.5 × 106P2/3ms cosα cm. (7)
The Alfven radius is obtained by comparing the energy density of the in-falling plasma (equal to
its gravitational energy) with the energy density of the magnetic field, UB = Ukin = Ugrav,
GMNSρ/Rα = [B2x(Rα) + B2z(Rα)]/8pi, (8)
where Bx(Rα) and Bz(Rα) are the components of the magnetic field at the distance Rα (see Eq. 5
and 6). The above equation allows us to determine the Alfven radius, xA, as a function of the
angle α, where xA = Rα cosα. The accretor mode is separated from the quasi-propeller mode by
the condition, xcor = xA. This condition is reached for specific value of the angle α. We have
solved Eq. 7 and Eq. 8 numerically in order to determine the angle αp/a, which separates the
quasi-propeller region from the accretor region in the inner pulsar magnetosphere. We expect
that in the case of quasi-propeller mode the accretion of matter also occurs onto the surface of
NS since the centrifugal force balances only the component of the gravitational force which is
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perpendicular to the rotational axis of the NS but not the component along the magnetic field
lines. However, in such case the accretion process, along the magnetic field lines which touches
the light cylinder in the range of angles αcr and αp/a, occurs with lower in-fall velocity than the
free fall velocity.
3.2. Radiation of accreting matter
The amount of matter which is expected to reach the magnetic pole on the NS surface is a part
of the Bondi accretion rate,
˙Macc = ˙MB[1 − cos(90o − αcr)]/2 = acr ˙MB. (9)
The gravitational energy released on the NS surface due to accretion of this matter is,
Lacc = G ˙MaccMNS/RNS ≈ 1.9 × 1033M13acr erg s−1, (10)
where the accretion rate is in units of ˙Macc = 1013M13 g s−1, and the accretion luminosity will be
scaled by Lacc = 1033L33 erg s−1.
We assume that this accretion energy is thermalized on the NS surface. The characteristic
temperature of the polar cap region on the NS surface can be estimated for specific radius of the
polar cap, Rcap. This radius is defined by the critical magnetic field line which touches the light
cylinder radius at the critical angle αcr. The dipole magnetic field lines (in the polar coordinates)
are well described by the equation R = C sin2 θ [22]. The constant C can be evaluated from the
condition that the magnetic field line passes through the light cylinder radius at the angle αcr.
Then, C = RLC/[sin(90o − αcr)]−3. The radius of the polar cap is given by,
Rcap =
R3/2NS (cosαcr)3/2
R1/2LC
≈ 4.6 × 10
5(cosαcr)3/2
P1/2ms
cm. (11)
It defines the surface area of the polar cap S cap = piR3NS(cosαcr)3/RLC ≈ 6.6× 1011(cosαcr)3/Pms
cm2. Then, the temperature of the polar cap is estimated on,
Tcap =
(
Lacc
σSBS cap
)1/4
≈ 2.3 × 106
(
L33Pms
cos3 αcr
)1/4
K. (12)
We show in Fig. 4 the temperature of the hot polar cap region on the NS surface as a function of
the Bondi accretion rate for a few selected values of the magnetic moment of the NS. The surface
temperature increases for smaller accretion rates but the area of the hot polar cap decreases.
The temperature will not increase infinitly since the accretion process cannot occur inside the
cone around the rotational axis defined by the condition Rα < RB. In fact, the hot polar cap
has a hollow inside due to this condition. This condition also defines the maximum value of
the angle αmax above which the accretion process onto neutron star surface cannot occur i.e.,
cosαmax = RLC/RB.
The density of thermal photons, emitted from this hot polar region, at the distance of the light
cylinder radius (i.e. the approximate distance of the outer gap region) is estimated on,
ρth ≈
Lacc
cS cap
(
Rcap
RLC
)2
≈ 4.7 × 108L33/P2ms erg cm−3, (13)
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Figure 4: The surface temperature of the hot polar cap region as a function of the Bondi accretion rate for selected values
of the magnetic moment of the neutron star fixed on 1026 Gs cm3 (solid curve), 3 × 1026 Gs cm3 (dashed) and 1027 Gs
cm3 (dot-dashed) and the millisecond pulsar with the period equal to 1.6 ms (upper panel). The case of the classical
pulsar with the period of 300 ms and the the magnetic moment of the neutron star fixed on 1030 Gs cm3 (solid curve),
3 × 1030 Gs cm3 (dashed) and 1031 Gs cm3 are shown in the bottom panel.
where σSB is the Stefan-Boltzmann constant. We estimate the mean free path for leptons on the
IC scattering of this thermal radiation field (in the Thomson regime) on,
λIC = 3mec2γe/(4σTρthγ2e) ≈ 2 × 109P2ms/(L33γe) cm, (14)
where σT is the Thomson cross section, and γe is the electron Lorentz factor. The comparison
of this mean free path with the characteristic distance scale for their propagation within the inner
magnetosphere, i.e. comparable to the light cylinder radius, allows us to estimate the energies
of leptons, Ee ≈ 200Pms/L33 MeV, for which they lose efficiently energy on the IC process. For
some parameters, leptons with such energies can scatter thermal X-rays from the NS surface
close to the T regime since the IC scattering at the transition between the Thomson (T) and the
Klein-Nishina (K-N) regimes occurs for ET/KN ≈ m2ec4/(3kBTcap) ≈ 320[(cosαcr)3/L33Pms]1/4
MeV. The example γ-ray spectra, produced by the secondary leptons in the outer gap region, are
considered in the next section.
4. γ-ray emission in the intermediate state
The high energy γ-ray production in the inner magnetospheres from over hundred pulsars have
been well documented in the recent years [23]. Although, the details of these radiation and par-
ticle acceleration processes are still not exactly known, it is obvious that these processes occur
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in the pulsar magnetosphere which operates in so called ejector mode, during which relativistic
plasma is ejected through the pulsar light cylinder radius and the external matter is not able to
enter the inner pulsar magnetosphere. As we argue above at some intermediate state the ejector
mode can be only active in a part of the pulsar magnetosphere and the rest of the magnetosphere
(defined by different magnetic field lines touching the light cylinder radius) is still able to accrete
the matter from the surrounding medium. We expect that in such intermediate state the radiation
processes in the pulsar magnetosphere should become more complicated. Apart from the curva-
ture (and synchrotron) radiation of very energetic primary electrons accelerated in the outer gap
(with the Lorentz factors γe ∼ 107), expected to be responsible for the pulsed γ-ray spectrum, a
population of low energy secondary leptons (which appears at the magnetic field lines above the
outer gap as a result of partial absorption of curvature γ-rays) can produce additional component
in the γ-ray spectrum. This component is due to the comptonization of the thermal radiation
from the NS surface produced by accreting matter along the magnetic field lines above the angle
αcr. It is rather difficult to consider in detail this additional emission due to the lack of detailed
knowledge on the spectrum of secondary leptons. Thermal emission from the polar cap can be
also responsible for modification of the synchro/curvature γ-ray spectrum produced by primary
electrons due to the absorption of multi-GeV γ-rays. The modification of the synchro/curvature
primary emission is considered below in a simple absorption scenario.
We assume that the outer gap model [16] can still be active in the hybrid accretion scenario
discussed above. We calculate the expected curvature radiation spectrum in the outer gap model
in order to have an idea about possible conditions at which such additional spectral components
could be also observed. We apply the simple model for the acceleration of leptons (and their
radiation) in the outer gap which details are summarized in [24]. In this model the primary
electrons are accelerated in the electric field of the outer gap with the electric field strength,
E‖ ∼ fgapBLCRLC/Rcur ∼ 6 × 108 fgB8P−5/2ms V cm−1, (15)
where Rcur ≈
√
RLCRNS ≈ 2.2×106P1/2ms cm, BLC = BNS(RNS/RLC)3 is the magnetic field strength
at the light cylinder, and fgap is the gap thickness typically of the order of∼ 0.3 for the millisecond
pulsars [25]. The γ-ray luminosity produced by primary electrons in the curvature process is,
Lγ ≈ f 3gapLP ≈ 3 × 1035 f 3gapB28P−4ms erg s−1. (16)
where PP is the rotational energy loss rate of the pulsar. Primary electrons accelerated in the outer
gap produce observed pulsed emission in the curvature radiation process with the characteristic
energies Ecur = 3hcγ3e/4piRcur ≈ 3 × 10−14γ3e/Rcur GeV. The energy loss rate of these electrons
on the curvature process is ˙Ecur = 2e2γ4e/3R2cur ≈ 9.6 × 10−8γ4e/R2cur eV cm−1. The comparison
of the acceleration efficiency, eE‖, with the curvature energy loss rate allows us to estimate the
equilibrium Lorentz factor of primary electrons in the outer gap γeq ≈ 1.3 × 107( fgB8P−3/2ms )1/4.
These electrons lose energy on characteristic distance scale, λcur = mec3γe/ ˙Ecur, which is,
λcur ≈ 5.2 × 1012R2cur/γ3e ≈ 1.2 × 105( fgB8)−3/4P17/8ms cm, (17)
for electrons with the equilibrium Lorentz factors. This is about an order of magnitude less
than the light cylinder radius. So then, the process is efficient for electrons with the equilibrium
energies. We estimate the characteristic energies of curvature γ-rays produced by the primary
electrons in the outer gap for the some example parameters of the pulsar, BNS = 3 × 108 G and
P = 3 ms and the gap thickness fg = 0.3. The equilibrium Lorentz factor of electrons for these
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parameters is equal to γeq ≈ 8.4 × 106 and the characteristic energy of the curvature photons
is Ecur ≈ 8.7 GeV. However, curvature γ-rays with such energies might be efficiently absorbed
in the thermal radiation from the polar cap. The absorption becomes important for γ-rays with
energies,
Eγ = 2(mec2)2/εth ≈ 840
(
L33Pms
cos3 αcr
)−1/4
MeV. (18)
where εth = 3kBTcap, and kB is the Boltzmann constant. We estimate whether such absorption
process of γ-rays is efficient by comparing the γ-ray mean free path, λγγ with the characteristic
distance scale of the interaction process given by the light cylinder radius. The mean free path
can be estimated on,
λγγ = (nphσγγ)−1 ≈ 2 × 106(L33Pms/ cos3 αcr)−3/4(cosαcr/Pms)−3 cm (19)
where nph ≈ 380(Tcap/2.7)3(Rcap/RLC)2 ≈ 2.3×1018(L33Pms/ cos3 αcr)3/4(cosαcr/Pms)3 ph. cm−3
and σγγ is the cross section for e± pair production in γ−γ collision. This mean free path is shorter
than the light cylinder radius for the pulsars with periods,
Pms ≈ 2(L33 cosαcr)3/4. (20)
We conclude that in the case of short period pulsars and large accretion luminosities the cur-
vature γ-rays with ∼1 GeV energies, produced in the outer gap by primary leptons, should be
efficiently absorbed in the thermal radiation from the hot polar cap. Therefore, the γ-ray spectra
in the transition state should be truncated at about ∼1 GeV in contrast to the γ-ray spectra from
observed MSPs which extend through the GeV energy range.
5. Conclusion
We argue that in the case of quasi-spherical accretion process the pulsar magnetosphere sep-
arates on two parts, the accreting part in the polar regions and the ejecting part in the equator
regions. Both parts of the magnetosphere can be active in this same pulsar provided that it is
close to the transition from the ejector to the accretor stage (or vice versa). The duration of such
transition state depends on the stability of medium in which MSP is immersed. In the case of
considered MSP within a dense cloud it is determined by the homogeneity of the cloud. In such
case the duration of the transition state is of the order of the dimension of the clamps within the
cloud divided by the velocity of the pulsar. On the longer time scale the transition state can be
also influenced by evolution of the parameters of the pulsar. Proposed hybrid magnetosphere is
caused by different conditions in the pulsar magnetosphere at the light cylinder region at different
distance from the rotational plane. For simplicity we analysed the case of a simple model for the
neutron star which is an aligned magnetic rotator immersed in a quasi-spherical cloud of ionized
matter. It is shown that for some parameters of the NS and the Bondi accretion rate of matter
onto the NS, a part of the magnetosphere close to the rotational plane is expected to be in the
ejector mode and a part of the magnetosphere farther from the plane is already in the accretor
mode (see Fig. 3). The accreting matter falls onto the small part of the NS surface creating a
hot spot with the characteristic temperature of the order of a few million K. This strong radia-
tion creates additional background in the inner pulsar magnetosphere which has to be taken into
account when analysing the radiation processes.
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We propose that the synchro/curvature γ-ray spectrum produced by primary electrons in the
inner magnetosphere during such intermediate state, should be truncated at ∼ 1 GeV due to
its absorption in the thermal radiation from the polar cap. Therefore the γ-ray spectra from
the pulsars in the intermediate state should differ significantly from the pulsars in the ejecting
state. In fact, the presence of additional strong radiation field in the pulsar gap region should
significantly modify also the gap acceleration mechanism and so curvature emission. However, it
is difficult to consider in detail acceleration and radiation processes in such additional conditions.
Therefore we leave their detailed discussion to the future investigations.
Up to now none of observed isolated MSPs shows the change of the γ-ray emission state
expected in this model. The reason may be that none of these MSPs fulfil the conditions for the
proposed state to occur. We have shown that the MSP should be immersed in relatively dense
environment. Moreover, The accretion rate should be not to large, since then the MSP moves
to pure accretor state, but also not to low, since then the thermal luminosity from the neutron
star surface due to the accretion process is too weak to influence radiation processes in the inner
pulsar magnetosphere.
Here we considered only the simple case of aligned (or almost aligned) rotator model for
the pulsar magnetosphere in order to show that such two-component, accreting/ejecting mag-
netosphere of the pulsar might be observed. In the case of highly oblique rotators, the matter
accreting through the light cylinder radius at large distances from the rotational plane may have
problems with reaching the NS surface due to the geometry of the magnetic field lines. The
magnetic field strength at the light cylinder will change with the pulsar period. Therefore the
conditions for accretion of matter onto NS will also periodically change. As a result, the matter
is expected to fall onto the NS surface in the form of bunches only when the condition given by
Eq. 3 is fulfilled. Such transitional accretion, modulated with the period of the pulsar, does not
need to be in phase with the γ-ray emission from the parts of the magnetosphere near the light
cylinder. However, the cumulative accretion rate is expected to be reduced in the case of oblique
rotator. This will influence the thermal radiation field from NS surface and also eventual absorp-
tion of curvature/synchrotron radiation from the pulsar gaps. Therefore, we conclude that such
characteristic truncated at ∼ 1 GeV gamma-ray spectra are likely to be present only in the case
of magnetic rotators which magnetic axis is nearly aligned to the rotational axis of the neutron
star.
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